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INTRODUCTION 

With  the  recognized  roles  of  TGFpDand  fibroblasts  in  mammary  gland  development  and 

breast  cancer  formation,  and  the  dual  role  of  TGFp  signaling  in  breast  cancer,  it  is 
important  to  understand  to  role  of  TGFp  signaling  in  tumor  stroma.  Several  studies 
have  already  elucidated  that  autonomous  TGFb  signaling  within  epithelial  cells 
suppresses  carcinoma  formation  early,  but  promotes  cancer  formation  later.  To 
understand  the  role  of  TGFp  signaling  in  stromal  cells,  we  must  examine  a  model  in 
which  TGFp  signaling  can  be  modified  at  certain  points  in  mammary  gland  development 
and  before  or  after  epithelial  oncogenesis.  Careful  studies  of  the  tumor 
microenvironment  in  breast  cancer  will  allow  us  to  determine  the  dual  role  of  TGFp  in 
breast  cancer.  A  complete  understanding  of  the  roles  of  TGFp  in  epithelial  and  stromal 
cells  in  breast  cancer  will  direct  us  to  the  appropriate  roles  of  TGFp  activation  or 
inhibition  in  patient  therapy. 

Hypothesis:  This  proposal  will  address  the  hypothesis  that  TGFj3  signaling  within 
stromal  cells  of  the  mammary  gland  alters  mammary  gland  development  and  drives 
breast  cancer  progression  in  situ. 

Specific  Aim  1:  Determine  the  effect  of  loss  of  TGFj3  signaling  within  stromal  cells  on 
mammary  gland  development. 

Specific  Aim  2:  Determine  the  effect  of  loss  of  TGFj3  signaling  within  stromal  cells  on 
mammary  carcinoma  development. 


BODY 

The  research  findings  of  three  years  will  be  detailed  according  the  approved  Statement 
of  Work  as  outlined  below. 

STATEMENT  OF  WORK 

Task  1.  Generate  FSPI-CreER,  TGFBRIlf/f,  R26Rf/f  mice  (timeframe  months  1-6) 
(Coll-CreER,  TGFBRIlf/f,  R26Rf/f  mice  have  already  been  generated) 

la.  Breed  FSP-CreER  animals  to  TGFBRIlf/f,  R26Rf/f  mice  to  generate  FSPI-CreER, 
TGFBRIlf/wt,  R26Rf/wt  animals  (months  1-3) 

lb.  Backcross  Task  la  animals  to  TGFBRIlf/f,  R26Rf/fto  generate  FSPI-CreER, 
TGFBRIlf/f,  R26Rf/f  mice  (months  2-6) 

The  FSP-CreER  strain  that  was  created  in  our  lab  showed  non-specific  expression  in 
tissues  other  than  fibroblasts.  We  were  able  to  obtain  another  FSP-CreER  mouse  that 
was  created  in  Terry  Van  Dyke’s  lab  at  UNC-Chapel  Hill  that  she  had  shown  to  work  in 
the  prostate  and  mammary  gland.  This  model  has  not  been  published  yet.  We 
removed  our  FSP-CreER  strain  and  bred  Dr.  Van  Dyke’s  FSP-CreER  model  into  our 
colony. 


Experiments  to  demonstrate  TGFBRII  Cre  recombination  using  the  R26R-stopf/f-pgal 
reporter  line  have  not  shown  Xgal  conversion  or  immunohistochemical  staining  in 


fibroblasts  in  the  mammary  gland.  Recombination  is  found  in  the  prostate  and  skin 
fibroblasts,  but  the  methods  we  have  used  to  test  it  so  far  have  not  shown 
recombination  in  the  mammary  gland.  In  our  first  experiment  with  mammary  gland 
tumors,  I  saw  that  mice  with  FSPI-CreER  had  a  dramatic  reduction  in  tumor  size  after 
the  mice  were  treated  with  Tamoxifen,  suggesting  that  FSPI-CreER  is  affecting  tumor 
growth  or  cell  survival.  This  suggests  that  there  is  fibroblast-specific  TGFBRII 
recombination  in  the  mammary  gland,  but  we  must  adapt  our  technical  methodology  to 
demonstrate  this  in  the  mammary  gland.  We  have  used  several  other  Cre  reporter 
lines,  including  the  R26R-stopf/f-YFP,  actin-stopf/f-GFP,  actin-stopf/f-dsRed  and  actin- 
GFP-stopf/f-mTomato  reporters.  Each  of  these  Cre  reporter  mouse  lines  was  bred  to 
the  FSPI-CreER,  Coll-CreER  or  MMTV-Cre  mice  to  examine  recombination.  Of  these, 
the  R26R-stopf/f-YFP,  actin-stopf/f-GFP,  actin-stopf/f-dsRed  did  not  show  recombination 
in  fibroblasts  using  fluorescence  or  immunohistochemistry  of  the  fluorescent  reporter 
molecule. 

In  a  newly  developed  Cre  reporter  model,  the  mT/mG  mouse,  Cre  activity  removes 
membrane-targeted  Tomato  and  activates  expression  of  membrane-targeted  EGFP. 
The  fluorescent  reporter  molecules  are  visualized  in  frozen  sections  of  tissue.  Our 
earliest  test  of  the  mT/mG  mouse  showed  recombination  in  epithelial  cells  when  bred  to 
the  MMTV-Cre  mouse.  To  test  the  model  in  fibroblasts,  it  was  bred  to  the  non-inducible 
FSP-Cre  mouse  where  it  showed  recombination  in  mammary  gland  fibroblasts  (Figure 
1).  The  mT/mG  Cre  reporter  line  was  then  bred  to  the  FSPI-CreER  and  Coll-CreER 
lines  to  examine  recombination  in  fibroblasts  after  Tamoxifen  induction.  FSPI-CreER, 
mT/mG  mice  show  recombination  in  fibroblasts  after  Tamoxifen  is  administered  in 
mouse  chow  (Figure  2).  To  examine  induction  and  recombination  in  mammary  gland 
tumors,  FSPI-CreER,  mT/mG,  MMTV-PyMT  mice  were  treated  with  Tamoxifen  by  IP 
injection  after  tumor  palpation.  Fibroblast-specific  recombination  is  seen  in  subsets  of 
stroma  within  the  tumors  (Figure  3).  Tomato  expression  remains  in  epithelial  cells, 
showing  cell-specific  recombination  within  fibroblasts. 


Figure  1.  Recombination  in 

fibroblasts  of  normal 
mammary  aland  by  FSP-Cre. 

In  FSP-Cre,  mT/mG  mouse, 
Tomato  is  silenced  and  EGFP 
is  induced  by  Cre  activation  in 
fibroblasts  of  the  normal 
mammary  gland. 


Figure  2.  Induced 
recombination  in  fibroblasts  of 

normal  mammary  aland  bv 

FSP-CreER.  In  FSP-CrER, 
mT/mG  mouse,  Tomato  is 
silenced  and  EGFP  is  induced 
by  Cre  activation  in  fibroblasts 
after  Tamoxifen  treatment  in 
mouse  chow. 


Figure  3.  Induced 
recombination  in  fibroblasts  of 

mammary  aland  tumor  bv 
FSP-CreER.  In  FSP-CreER, 
mT/mG,  MMTV-PyVmT 
mouse,  Tomato  is  silenced 
and  EGFP  is  induced  by  Cre 
activation  in  fibroblasts  after 
Tamoxifen  treatment  by  IP 
injection  after  tumor  palpation. 


Coll-CreER,  TGFBRIlf/f,  mT/mG  and  FSP-CreER,  TGFBRIlf/f,  mT/mG  mice  were 
generated.  The  FSP-CreER  mouse  arrived  to  our  lab  on  a  mixed  strain  background. 
FSP-CreER,  TGFBRIlf/f,  mT/mG  mice  were  backcrossed  5  generations  to  C57BL6 
background.  Coll-CreER,  TGFBRIlf/f,  mT/mG  were  backcrossed  at  least  10 
generations  to  the  inbred  C57BL6  background. 

Task  2.  Generate  animals  for  Aim  1  (months  4-12) 

2a.  Generate  228  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice  (months  4-10) 

2b.  Generate  228  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice  (months  6-12) 
Animals:  To  generate  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice,  154  dams  and  52 
sires  will  be  mated  to  produce  2304  adult  mice.  A  similar  breeding  strategy  will 
generate  the  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice  (total  animals  for  both 
Cre  strains  =  5020).  Approximately  80  cages  will  be  maintained  for  9  months  on  this 
task. 


Animals  were  bred  according  to  the  scheme  in  Figure  4. 


Task  3.  Tamoxifen  treat  animals  and  collect  tissues  for  Aim  1  (months  6-18) 

3a.  Treat  and  collect  tissue  from  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice 
(months  6-16) 

3b.  Treat  and  collect  tissue  from  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice 
(months  8-18) 

Animals:  576  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt  female  mice,  and  576  FSPI-CreER, 
TGFBRIlf/f,  R26Rf/wt  female  mice  will  be  treated  with  Tamoxifen  (total  animals  for  both 
Cre  strains  =  1 152).  Approximately  40  cages  will  be  maintained  for  12  months  on  this 
task. 

FSP-CreER,  TGFBRII,  mT/mG  animals  were  treated  with  Tamoxifen  at  3  weeks  of  age 
for  5  consecutive  days  by  intraperitoneal  injection.  Mammary  glands  were  collected 
from  virgin  female  mice  at  ages  6  weeks,  12  weeks  and  16  weeks. 


Task  4.  Complete  western  blots,  Northern  blots  and  immunohistochemistry  for  Aim  1 
(months  7-20) 


4a.  Test  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt  mammary  glands  (months  7-17) 
4b.  Test  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt  mammary  glands  (months  9-19) 
4c.  Analyze  data  (months  7-20) 

Milestone  #1:  National  meeting  presentations 
Milestone  #2:  Publication  regarding  Aim  1 


Whole  mount  inguinal  mammary  glands  were  imaged  with  carmine-alum  staining. 
Fibroblast  TGFBRII  homozygous  or  heterozygous  loss  did  not  result  in  defects  in 
branching  morphogenesis  or  ductal  outgrowth.  At  6  weeks,  all  glands  had  grown  to  the 
edges  of  the  fatpad  regardless  of  genotype  (Figures  5  &  7)  and  exhibited  the  same 
number  of  terminal  end  buds  (Figure  6).  Images  of  12  and  16  week  mammary  glands 
did  not  show  changes  in  branching  distance  or  number  of  branches  (Figure  7). 
Histopathological  analysis  of  tissue  sections  did  not  show  any  changes  in  mammary 
gland  structure  or  acinar  development  (Figure  8). 


Ductal  length 


2000« 


£ 

CD 

C 


fibroblast  Rll  genotype,  age 


Figure  5.  Length  of  mammary  ducts 
on  whole  mount  carmine-alum 
stained  inguinal  glands. 
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Figure  6.  Number  of  terminal  end 
buds  (TEB)  on  whole  mount 
carmine-alum  stained  inguinal 
glands. 


Figure  7.  Carmine-alum  stained  whole  mount  inguinal  mammary  glands  at 
different  ages. 
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Figure  8.  H&E  stained  mammary  glands  at  16  weeks. 


Since  mammary  glands  did  not  show  differences  in  whole  mount  ductal  growth  or  acinar 
development,  glands  were  not  further  examined  using  molecular  analysis. 

Task  5.  Generate  animals  for  Aim  2  (months  11-22) 

5a.  Generate  TGFBRIlf/f,  R26Rf/f,  MMTV-PyVmT+/-  male  mice  (months  11-14) 

5b.  Generate  36  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT  female  mice  by 
breeding  mice  generated  in  Task  2a  and  Task  5a  (months  13-19) 

5c.  Generate  36  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT  female  mice  by 
breeding  mice  generated  in  Task  2b  and  Task  5a  (months  16-22) 

Animals:  To  generate  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT  female  mice, 

52  dams  and  18  sires  will  be  mated  to  produce  768  adult  mice.  A  similar  breeding 
strategy  will  generate  the  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT  female 
mice  (total  animals  for  both  Cre  strains  =  1676).  Approximately  40  cages  will  be 
maintained  for  12  months  on  this  task. 

FSP-CreER,  mT/mG,  MMTV-PyMT  mice  treated  with  Tamoxifen  after  tumor  palpation 
showed  interesting  changes  in  size  relevant  to  TGFBRII  status.  Tumors  with  TGFBRII 
deleted  (TGFBRIlf/f,  FSP-CreER+,  last  2  bars  in  Figure  9)  were  larger  than  tumors  with 
TGFBRII  intact  (3rd  bar  in  Figure  9).  However,  the  opposite  trend  was  noticed  when 
tumors  were  treated  with  Tamoxifen  prior  to  tumor  palpation.  Tumors  with  TGFBRII 
deleted  (1st  bar  in  Figure  9)  were  smaller  than  tumors  with  heterozygous  deletion  of 
TGFBRII  (2nd  bar  in  Figure  9).  This  suggests  that  fibroblast  TGFp  signals  have 
opposing  effects  in  developing  tumors  versus  late  stage  tumors. 

Figure  9.  Tumor  sizes  in  FSP-CreER, 

MMTV-PyMT  mice.  Mice  were  treated 
with  Tamoxifen  prior  to  tumor  palpation 
(hatched  bars)  or  after  tumor  palpation 
(solid  bars).  Numbers  above  the  bars 
show  the  age  of  the  tumor  after 
palpation  in  days. 
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Task  6.  Tamoxifen  treat  animals  and  collect  tissues  for  Aim  2  (months  12-29) 

6a.  Treat  and  collect  tissue  from  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT 
female  mice  (months  14-26) 

6b.  Treat  and  collect  tissue  from  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT 
female  mice  (months  1 7-29) 

Animals:  96  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT  female  mice  and  96 
FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt,  MMTV-PyVmT  female  mice  will  be  treated  with 
Tamoxifen  (total  animals  for  both  Cre  strains  =  192).  Approximately  11  cages  will  be 
maintained  for  18  months  on  this  task. 

As  noted  in  Task  1 ,  Cre  mouse  strains  needed  to  be  changed  and  it  took  1  year  to 
breed  this  onto  our  colony.  The  Cre  reporter  was  changed  from  R26R  to  mT/mG  and  it 
took  an  additional  6  months  to  breed  this  into  our  colony.  In  addition,  preliminary 
experiments  showed  that  Tamoxifen  treatment  delayed  mammary  tumor  development. 
We  were  not  able  to  breed  the  MMTV-PyVmT  oncogenic  strain  into  our  mouse  line. 

This  task  could  not  be  completed  during  the  time  of  this  award. 

Task  7.  Complete  western  blots,  Northern  blots  and  immunohistochemistry  for  Aim  2 
(months  15-36) 

7a.  Test  Coll-CreER,  TGFBRIlf/f,  R26Rf/wt  mammary  glands  (months  15-27) 

7b.  Test  FSPI-CreER,  TGFBRIlf/f,  R26Rf/wt  mammary  glands  (months  18-30) 

7c.  Analyze  data  (months  15-36) 

Milestone  #3:  National  meeting  presentations 
Milestone  #4:  Publication  regarding  Aim  2 

This  task  could  not  be  completed. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  The  classically  used  R26R-pgal  Cre  reporter  model  cannot  be  used  to 
demonstrate  Cre  activity  in  fibroblasts  of  the  mammary  gland. 

•  mT/mG  Cre  reporter  mouse  can  be  used  to  visualize  recombination  in 
fibroblasts. 

•  Loss  of  TGF  signaling  within  fibroblasts  does  not  alter  development  of  the 
virgin  mammary  gland. 
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CONCLUSIONS 

Cre  recombination  within  fibroblasts  of  the  mammary  aland  cannot  be  shown  using  the 
classical  R26R  transgenic  mouse  model  with  either  Xgal  substrate  conversion  or  bgal 
immunohistochemistry.  We  have  found  a  Cre  reporter  mouse  model,  mT/mG,  that  can 
be  used  to  visualize  fibroblast-specific  recombination.  Although  progress  on  this 


proposal  was  delayed,  we  generated  FSP-CreER  mice  that  were  used  to  examine  Aim 
1.  We  found  that  fibroblast-specific  inducible  loss  of  TGFp  signaling  does  not  alter 
development  of  the  mammary  gland.  FSP-CreER  containing  oncogenic  MMTV-PyVmT 
were  generated  for  preliminary  experiments  to  examine  Aim  2,  however  we  found  that 
Tamoxifen  treatment  significantly  delays  tumor  development.  We  could  not  examine 
fibroblast-specific  inducible  loss  of  TGFp  signaling  in  mammary  tumors  because  of 
delays  in  generating  the  mouse  model. 
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In  the  past  century,  gradual  but  sustained  advances  in  our  understanding  of  the  molecular  mechanisms 
involved  in  the  growth  and  invasive  properties  of  cancer  cells  have  led  to  better  management  of  tumors. 
However,  many  tumors  still  escape  regulation  and  progress  to  advanced  disease.  Until  recently,  there  has 
not  been  an  organized  and  sustained  focus  on  the  "normal”  cells  in  the  vicinity  of  tumors,  interactions 
between  the  tumor  and  these  host  cells,  as  well  as  autonomous  qualities  of  the  host  cells  themselves, 
might  explain  why  tumors  in  people  with  histologically  similar  cancers  often  behave  and  respond  differ¬ 
ently  to  treatment.  Cells  of  the  tumor  microenvironment,  variously  referred  to  as  cancer  stroma,  reactive 
stroma  or  carcinoma-associated  fibroblasts  (CAF),  exist  in  close  proximity  to  the  cancer  epithelium.  Both 
stromal  and  epithelial  phenotypes  co-evolve  during  tumorigenesis  and  it  is  now  becoming  clear  that 
these  stromal  cells  may  not  be  the  innocent  bystanders  they  had  been  widely  thought  to  be,  but  rather 
may  be  active  contributors  to  carcinogenesis.  Our  group  and  others  have  shown  the  important  role  that 
CAF  play  in  the  progression  of  cancer.  In  this  article  we  will  address  current  trends  in  the  study  of  the 
interactions  between  cancer  stroma  and  tumor  cells  in  different  organs.  We  will  also  highlight  perceived 
knowledge  gaps  and  suggest  research  areas  that  need  to  be  further  explored  to  provide  new  targets  for 
anticancer  therapies. 

©  2009  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

For  many  years  malignant  tumors  were  viewed  as  being 
composed  of  transformed  cells  that  acquired  cell-autonomous 
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hyperproliferative  and  invasive  survival  capacities.  However, 
tumors  are  complex  organ  facsimiles  composed  not  only  of  the 
founder  neoplastic  cells,  but  also  of  tumor-associated  stromal 
cells  and  an  extracellular  milieu  that  includes  matrix  components, 
chemokines  and  cytokines,  all  of  which  increase  the  complexity  of 
the  tumor  microenvironment.  Fibroblasts  are  an  important  com¬ 
ponent  of  the  tumor  stroma.  The  term  fibroblast  encompasses  a 
number  of  stromal  cells  with  a  broadly  similar  phenotype.  Most 
tumors  incorporate  an  obvious  biologically  active,  fibroblastic  cell 
type  known  variously  as  reactive  fibroblasts,  myofibroblasts,  or 
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simply  carcinoma-associated  fibroblasts.  These  cells  have  received 
increased  attention  because  of  their  participation  in  tumor  devel¬ 
opment,  including  invasion  and  metastasis  and  their  ability  to  act 
as  markers  of  patient  prognosis  [1  ].  Thus,  elucidation  of  the  critical 
cellular  and/or  molecular  events  that  orchestrate  tumor  evolution 
is  important  as  these  represent  potentially  attractive  targets  for 
therapeutic  intervention.  The  purpose  of  this  review  is  to  summa¬ 
rize  our  current  understanding  of  these  cells,  highlighting  recent 
advances  and  analyzing  the  therapeutic  potential  of  targeting  CAF. 

2.  Stromal  influence  on  adult  tissue  homeostasis 

Maintenance  of  the  anatomical  status  quo,  or  tissue  homeostasis, 
is  crucial  for  the  preservation  of  normal  tissue  morphology  and  the 
proper  function  of  organs.  In  adult  tissue,  this  task  is  tightly  con¬ 
trolled  by  the  stromal  compartment  through  interactions  between 
the  different  cell  types  and  the  production  of  extracellular  matrix 
(ECM)  components  that  provide  the  structure  for  proper  tissue 
architecture  and  function. 

The  identification  of  multipotent  mesenchymal  stem  cells  (MSC) 
derived  from  adult  human  tissues,  including  bone  marrow  stroma 
and  a  number  of  connective  tissues,  has  provided  a  new  under¬ 
standing  of  tissue  homeostasis.  These  cells  have  the  potential  to 
differentiate  into  chondrocytes,  osteoblasts,  adipocytes,  fibrob¬ 
lasts,  marrow  stroma,  and  other  tissues  of  mesenchymal  origin. 
Interestingly,  these  MSC  reside  in  a  diverse  host  of  tissues  through¬ 
out  the  adult  organism  and  possess  the  ability  to  ‘regenerate’  cell 
types  specific  for  these  tissues,  reviewed  in  [2].  Given  the  wide  dis¬ 
tribution  of  the  sources  of  MSC,  the  bone  marrow  stroma  may  be 
considered  to  be  the  source  of  a  common  pool  of  multipotent  cells 
that  gain  access  to  various  tissues  via  the  circulation,  subsequently 
adopting  characteristics  that  meet  the  requirements  of  mainte¬ 
nance  and  repair  of  a  specific  tissue  type.  In  fact,  the  presence  of 
MSC  in  tissues  other  than  the  marrow  stroma  strongly  suggests  the 
existence  of  cell  populations  with  more  limited  capacity  for  dif¬ 
ferentiation;  specifically,  monopotent  or  bipotent  cells  may  have 
differentiation  potentials  developmentally  adapted  to  (and  per¬ 
haps  restricted  to)  the  tissues  in  which  they  reside  and  help  to  the 
maintain  tissue  architecture. 

It  is  well  known  that  during  the  wound  healing  process, 
fibroblast-to-myofibroblast  differentiation  is  a  key  event  in  the 
physiological  reconstruction  of  the  connective  tissue.  Myofibrob¬ 
lasts  remodel  the  ECM  and  induce  angiogenesis  [3].  Smooth  muscle 
a-actin  (aSMA)  is  the  most  common  marker  used  to  identify  myofi¬ 
broblasts,  but  other  markers  such  as  vimentin,  desmin,  or  smooth 
muscle  myosin  can  be  used  in  combination  with  aSMA  to  dis¬ 
tinguish  between  different  subpopulations  of  myofibroblasts  and 
normal  fibroblasts  or  smooth  muscle  cells  [4,5].  Myofibroblast  dif¬ 
ferentiation  is  induced  by  paracrine  signals  generated  by  repairing 
or  injured  tissues.  Among  those  signals,  transforming  growth  factor 
beta  (TGF-J3)  is  among  the  most  potent.  TGF-p  activates  myofibrob¬ 
last  differentiation  of  prostate  fibroblasts  [6],  The  identification 
of  myofibroblasts  in  prostate  cancer  patient  tissue  predicts  tumor 
relapse  [7]  Under  normal  circumstances  once  the  tissue  is  repaired, 
myofibroblasts  and  other  resident  cells  undergo  apoptosis,  and 
the  remaining  collagen-rich  tissue  is  slowly  remodeled  to  a  nor¬ 
mal  phenotype  [8].  In  cancers,  sometimes  described  as  resembling 
chronic  wounds,  the  origin  of  myofibroblasts  remains  controver¬ 
sial;  however,  their  presence  may  be  essential  for  much  invasive 
growth  and  is  translated  into  poor  clinical  prognosis  [9].  Soluble 
factors  secreted  by  myofibroblasts  have  been  shown  to  mediate 
the  invasive  growth  of  breast  and  colon  cancer  cells  in  vitro  and  in 
vivo  [10].  Thus,  management  of  stromal  reaction  through  preven¬ 
tion  of  the  formation  of  myofibroblasts  is  a  potentially  attractive 
opportunity  for  therapy. 


3.  Tumor-promoting  ability  of  carcinoma-associated 
fibroblasts  in  different  organs 

The  role  of  cancer-associated  fibroblasts  in  tumor  progression 
is  now  well  accepted.  Many  “in  situ”  cancers  never  progress  to 
an  invasive  type,  most  likely  due  to  host  factors  that  prevent 
this  development,  a  phenomenon  termed  “cancer  without  dis¬ 
ease”.  This  highlights  the  fact  that  a  transformed  cell  per  se  is  not 
enough  to  cause  lethal  cancer,  but  that  carcinogenesis  requires  the 
recruitment  of  a  tumor  microenvironment  permissive  of  further 
tumor  growth  and  metastasis  [11].  The  stromal  microenvironment 
is  complex  and  contains  many  cell  types  including  fibroblasts, 
smooth  muscle  cells,  immune  and  inflammatory  cells,  adipocytes 
and  endothelial  cells  (Fig.  1).  Of  utmost  significance  for  tumor 
progression,  as  the  primary  stromal  cell  type  that  produces  ECM, 
fibroblasts  can  bi-directionally  ‘sense’  signals  between  ECM  and 
cells  by  means  of  their  integrin-dependent  cell-matrix  adhesions, 
eliciting  changes  in  stromal  dynamics  and  composition. 

Changes  in  stromal  characteristics  can  be  perceived  as  an  initial 
attempt  to  ‘repair  the  damage'  induced  by  transformed  epithe¬ 
lium.  There  is  a  complex  interplay  of  reciprocal  stromal-epithelial 
interactions  that  essentially  fools  repair  mechanisms  resulting  in 
changes  in  the  ECM  and  the  tumor  stroma,  a  phenomena  called 
“stromogenesis”  [5[.  Carcinogenesis  then  results  from  the  loss 
or  breakdown  of  biological  organization  induced  by  perturbed 
stromal-epithelial  interactions,  rather  than  from  epithelial  or  stro¬ 
mal  mutations  alone  [12].  There  is  substantial  evidence  for  the 
contention  that  cancer-associated  fibroblasts  produce  a  tumor 
supportive  ECM,  which  promotes  the  growth,  expansion  and  dis¬ 
semination  of  the  pre-neoplastic  epithelial  cell  population,  creating 
a  permissive  ‘pasture’  for  the  emerging  malignant  cell  [4[.  Stro¬ 
mal  cells  are  though  to  be  critical  drivers  of  tumor  progression  in  a 
number  of  organs. 

3.1.  Prostate 

Prostate  cancer  is  the  most  common  non-skin  malignancy  in 
men  in  the  USA  and  the  second  leading  cause  of  male  cancer  death 
[13].  The  stromal  component  of  prostate  cancer  co-evolves  with 
tumor  cells  and  several  lines  of  experimental  and  clinical  evidence 
show  that  a  dynamic  interaction  between  stroma  and  epithelium 
plays  a  critical  role  in  this  progression.  Using  a  xenograft  model 
of  human  cells,  we  and  others  have  shown  that  recombination 
of  CAF  with  non-tumorigenic  epithelial  cells  results  in  perma¬ 
nent  malignant  transformation  of  non-tumorigenic  epithelial  cells 
[14,15].  More  recently,  it  has  been  shown  that  inhibition  of  the 
retinoblastoma  gene  function  in  epithelial  cells  can  induce  a  selec¬ 
tive  expansion  of  a  subpopulation  of  highly  proliferative  p53-null 
stromal  cells  through  a  paracrine  mechanism  [16]. 

3.1.1.  Genetic  stability  and  hormones 

Although  the  stroma  is  usually  genetically  stable,  lesions  on 
chromosome  8p  have  been  detected,  and  a  high  incidence  (33%) 
of  loss  of  heterogeneity  (LOH)  has  been  reported  in  the  tumor 
stroma  of  prostate  cancer  patients  [17]  although  this  mechanism  is 
not  universally  accepted.  Several  studies  support  the  occurrence 
of  a  field  effect  for  gene  silencing  in  the  stroma  by  cancer  cells 
through  hypermetylation.  Among  the  genes  implicated  are  GSTP1 , 
APC,  RASSF1A,  H1N-1  and  RARp2  [18,19].  More  research  is  needed 
to  clarify  the  contribution  of  any  of  these  candidates  in  prostate 
cancer. 

In  a  switch  from  its  activity  in  the  developing  and  normal  adult 
organ,  androgens  promote  prostate  cancer  growth  through  direct 
activation  of  the  epithelial  androgen  receptor  (AR)  [20].  However, 
the  role  of  AR  in  the  tumor  stroma  has  received  little  attention. 
Recent  studies  have  shown  that  elevated  AR  expression  in  cancer 
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Fig.  1.  Carcinoma-associated  fibroblasts  play  a  central  role  in  the  modulation  of  cancer  growth.  CAF  are  composed  of  a  mixture  of  fibroblasts  which  might  have  different 
origins.  When  activated,  these  cells  interact  with  cancer  cells  and  start  expressing  several  mitogenic  and  pro-invasive  factors  that  create  a  favorable  milieu  for  tumor  cells 
to  proliferate  and  invade  into  the  surrounding  tissue.  Chemokines  and  cytokines  can  act  in  a  paracrine  manner  binding  to  their  cognate  receptors  resulting  in  bidirectional 
or  multi-directional  communication. 


cells  concurrent  with  loss  of  AR  in  the  surrounding  stroma  was 
correlated  with  higher  clinical  stage,  higher  PSA  levels,  and  earlier 
and  higher  relapse  rates  after  radical  prostatectomy  [21,22].  It  has 
been  suggested  that  CAF  could  be  derived  from  AR-negative  fibrob¬ 
lasts  that  surround  normal  glands  or  from  dedifferentiated  smooth 
muscle  cells  [23].  More  experimental  studies  are  needed  to  further 
investigate  the  mechanism  of  AR  loss  within  the  stroma  and  its 
potential  role  in  the  progression  of  prostate  cancer. 

3.1.2.  Soluble  factors  secreted  by  CAF 

Stromal-epithelial  interactions  in  prostate  cancer  involve  a 
number  of  soluble  factors  and  their  receptors.  These  factors  can 
act  in  a  paracrine  manner  and  work  in  coordination  with  other 
signaling  molecules,  such  as  ECM  and  integrins,  which  facilitate 
not  only  carcinogenesis,  but  cancer  progression  towards  metastasis 

[24] , 

In  cancer,  transforming  growth  factor  beta  1  (TGF-(3l)  is 
expressed  at  elevated  levels  to  a  greater  extent  than  TGF-J32  or  TGF- 
(33.  In  normal  prostate  epithelial  cells,  TGF-(3  controls  homeostasis 
by  eliciting  differentiation,  inhibiting  proliferation  and  inducing 
apoptosis.  However,  TGF-(3  signaling  in  fibroblasts  modulates  the 
growth  and  the  oncogenic  potential  of  adjacent  epithelia.  For  exam¬ 
ple,  inactivation  of  the  TGF(3R2  in  mouse  fibroblasts  results  in 
the  appearance  of  prostatic  intraepithelial  neoplasia  in  prostate 
tissue  in  association  with  an  increased  number  of  stromal  cells 

[25] .  TGF-|3  often  suppresses  transformation  and  early  tumorigen- 
esis  but,  as  cancer  progresses,  cancer  cells  become  insensitive  to 
the  growth  inhibitory  effects  of  TGF-|3  [26].  Signaling  mediated 
by  TGF-|3  involves  the  activation  of  direct  downstream  effectors 
including  PI3K/AKT,  MAPK,  TAK1,  Ras,  Rho.  However,  the  only 
downstream  targets  that  are  thought  to  be  TGF-(3-specific  are 
SMAD  molecules.  Loss  of  regulation  of  Wnt  expression  result¬ 
ing  from  reduced  TGF-(3  function  has  been  implicated  in  prostate 
cancer  progression  [27],  TGF-|32  can  promote  cancer  cell  survival 


and  resistance  to  apoptosis,  effects  that  are  attributable  to  the 
activation  of  nuclear  factor-kappaB  (NF-kB)  [28].  These  observa¬ 
tions  provide  evidence  supporting  the  clear  association  with  cancer 
progression  and  makes  TGF-|3  a  potential  target  for  therapeutic 
intervention. 

Insulin-like  growth  factor-1  (IGF-1)  is  expressed  primarily  in 
prostatic  stroma.  Paracrine  action  of  IGF  includes  proliferation  of 
prostate  epithelial  cells  through  upregulation  of  MAPK,  Akt  and 
Cyclin  D1  and  downregulation  of  p27.  Overexpression  of  IGF-1  has 
been  shown  to  elicit  neoplastic  transformation  of  murine  epithe¬ 
lium  and  significantly  increased  the  invasive  capacity  of  prostate 
cancer  cell  lines  in  vitro.  Blockade  of  the  IGF-1  R  or  the  use  of 
specific  inhibitors  of  the  MAPK  and  PI3K  pathways  can  decrease 
IGF-mediated  tumor  invasion  [29],  Inhibition  of  IGF-1  R  signaling 
results  in  cytoplasmic  AR  retention  accompanied  by  significant 
changes  in  androgen-regulated  gene  expression  [30].  Another 
important  interaction  is  that  observed  between  IGF-1  and  TGF- 
(31.  Significantly,  activation  of  the  IGF-1R  interferes  with  TGF-|31 
activation  of  Smad3  thereby  blocking  TGF-(3-mediated  apopto¬ 
sis  in  prostate  epithelial  cells  [26].  Interactions  between  IGF-1, 
TGF-J31  and  androgens  highlight  the  importance  of  these  factors 
during  cancer  progression  and  may  account  for  the  conversion  to 
androgen-independence  in  the  absence  of  androgen  ligand. 

HGF/scatter  factor  is  expressed  throughout  the  prostate  stroma 
and  acts  in  a  paracrine  fashion  on  epithelial  cells  where  it  binds 
to  its  receptor  c-met.  C-met  is  expressed  in  about  50%  of  localized 
prostate  cancer  and  in  almost  all  metastatic  lesions  [31].  Elevated 
expression  of  HGF/SF  was  shown  to  regulate  invasion  and  growth 
of  prostate  cancer  cells  [32].  HGF  can  induce  bone  morphogenetic 
protein-7  (BMP-7),  both  in  vitro  and  in  vivo  in  prostate  cancer  mod¬ 
els  [33].  Androgen  signaling  downregulate  c-met  expression  and 
androgen  withdrawal  can  activate  c-met  indicating  that  c-met  sig¬ 
naling  may  have  a  role  in  androgen  independent  progression  of 
prostate  cancer  [34], 
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Recently  several  groups,  including  ours,  have  started  to  focus 
on  the  role  of  stromal-derived  chemokines  in  prostate  cancer 
progression.  The  pleiotropic  actions  of  chemokines  include  the 
modulation  of  growth,  angiogenesis,  invasion,  and  metastasis  [35]. 
While  cancer  cells  can  express  all  of  the  ligands,  stromally  derived 
chemokines  include  CXCL2,  CXCL5,  CXCL6  and  CXCL12  [35], 

In  a  recent  study,  we  demonstrated  that  elevated  TGF-(3  expres¬ 
sion  in  the  tumor  stroma  can  activate  CXCR4  expression  in  adjacent 
epithelial  cells  allowing  the  cognate  ligand  for  this  receptor, 
SDF1/CXCL12  (which  is  also  expressed  at  elevated  levels  in  the 
tumor  stroma)  to  activate  the  receptor  and  thus  stimulate  phos¬ 
phorylation  of  Akt  in  the  epithelial  cells  [27,36],  In  addition, 
phosphorylation  of  Akt  in  human  prostatic  epithelium  inhibits 
the  nuclear  translocation  of  the  activated  Smad2,3,4  complex  thus 
allowing  cells  to  ignore  the  growth  inhibitory  effects  ofTGF-(3  [37]. 
CXCR4  is  elevated  in  localized  and  metastatic  cancer  and  is  a  marker 
of  poor  prognosis  [38]. 

3.2.  Breast 

Breast  cancer  is  the  most  common  form  of  cancer  and  is  the 
second  most  common  cause  of  cancer  death  in  women  [13]. 
The  stroma  of  the  breast  is  composed  of  fibroblasts,  adipocytes, 
endothelial  cells,  pericytes,  immune  components  and  nerves. 
Stromal-epithelial  interactions  are  crucial  for  proper  breast  devel¬ 
opment  and  breast  tumor  stroma  can  alter  the  proliferation, 
survival,  differentiation,  invasion  and  metastatic  ability  of  cancer 
cells. 

In  breast  tumors,  the  normal  stromal  microenvironment  is 
drastically  changed.  These  changes  include  increased  numbers 
of  fibroblasts,  including  myofibroblasts,  infiltration  of  inflamma¬ 
tory  cells,  angiogenesis  and  ECM  remodeling.  This  is  coupled  with 
changes  in  epithelial  cell  activities  such  as  proliferation,  differentia¬ 
tion,  invasion  and  survival.  Many  studies  have  examined  the  ability 
of  the  altered  stromal  cell  types  to  induce  the  observed  changes  in 
epithelial  cell  activity.  In  one  study,  mammary  fibroblasts  that  are 
unable  to  respond  to  TGF-p  were  grafted  with  breast  carcinoma 
cells  and  implanted  into  mice.  Tumor  growth,  invasion  and  metas¬ 
tasis  were  increased  [39,40],  This  shows  that  molecular  alterations 
of  tumor  stromal  cells  alone  can  significantly  alter  the  behavior 
and  progression  of  tumors.  Lethally  irradiated  fibroblasts  or  inclu¬ 
sion  of  fibroblast-conditioned  medium  in  breast  cancer  cell  grafts 
increased  tumorigenicity  and  tumor  growth,  showing  that  solu¬ 
ble  secreted  products  from  fibroblasts  promote  tumors  [41  ].  Of 
these  soluble,  secreted  factors,  CXCL12  and  CXCL14  are  secreted  by 
myofibroblasts  in  breast  tumors  and  increase  proliferation,  inva¬ 
sion  and  metastasis  of  breast  cancer  cells  [42,43].  It  has  been 
suggested  that  myofibroblasts  in  tumors  may  arise  from  infiltration 
of  bone  marrow-derived  mesenchymal  stem  cells  (MSC).  Subcuta¬ 
neous  grafts  of  MSC  mixed  with  breast  cancer  cells  enhanced  lung 
metastasis.  Breast  cancer  cells  from  these  grafts  were  re-derived 
from  the  grafts  and  subcutaneously  grafted  again.  These  grafts  did 
not  have  the  same  increased  metastatic  rate,  showing  that  there 
are  no  irreversible  changes  in  the  cancer  cells  and  that  enhanced 
metastasis  is  dependent  on  the  paracrine  interaction  with  MSC.  This 
study  went  on  to  show  that  this  activity  is  dependent  on  CCL5-CCR5 
interactions  [44].  The  Hedgehog  pathway,  which  is  essential  for 
normal  mammary  gland  development,  is  also  essential  for  mainte¬ 
nance  of  the  CD44+/CD241ow  subpopulation  of  breast  cancer  cells 
that  resemble  mammary  stem  cells  [45].  Expression  of  the  Hedge¬ 
hog  target  gene  Glil  correlates  with  poor  prognosis  in  breast  cancer 
[46],  In  this  study,  Glil  expression  was  primarily  noted  in  cancer 
cells  and  correlated  with  another  Hedgehog  ligand,  Sonic  Hedge¬ 
hog.  This  suggests  that  maintenance  of  a  stem  cell-like  population 
of  breast  cancer  cells  operates  on  a  pathway  that  is  independent 
of  the  Ihh-Gli2  pathway  that  controls  epithelial  and  fibroblast  pro¬ 


liferation  in  ductal  development.  These  studies  demonstrate  the 
links  between  normal  developmental  pathways  and  those  active 
in  cancer.  Future  studies  should  focus  on  the  pathways,  such  as 
TGF-P,  Hedgehog  and  chemokines,  in  breast  cancer  development 
and  progression. 

Examination  of  the  molecular  changes  in  stromal  cells  that 
control  cancer  development  and  progression  in  the  breast  have 
shown  that  these  include  alterations  in  expression  of  many  genes. 
This  includes  genes  that  remodel  ECM,  alter  growth  factor  and 
chemokine  signaling,  stimulate  inflammation  and  increase  migra¬ 
tion  and  invasion  [47].  Since  many  of  these  changes  in  gene 
expression  are  maintained  for  long  periods,  including  in  cell  cul¬ 
ture,  it  is  possible  that  these  changes  are  genetically  heritable. 
These  may  include  gene  amplification  and  deletion  or  microsatel¬ 
lite  instability  and  point  mutations  [48-51]  as  well  as  promoter 
methylation.  However,  this  concept  of  heritable  changes  in  CAF  is 
not  widely  accepted  since  some  studies  have  shown  the  absence 
of  such  aberrations  in  breast  cancer  stroma  [52].  Future  studies 
will  clarify  this  and  should  delineate  possible  differences  in  breast 
cancer  sub-types. 


3.3.  Pancreas 

Pancreatic  cancer  is  the  most  lethal  abdominal  malignancy. 
Mortality  reaches  an  alarming  95%  of  patients  within  5  years  and 
on  average,  patients  live  only  6  months  after  diagnosis  [53].  One 
of  the  defining  characteristics  of  pancreatic  ductal  adenocarcinoma 
(PDAC)  is  the  presence  of  extensive  stromal  response  called  desmo¬ 
plasia.  However,  the  precise  role  of  the  stroma  in  pancreatic  cancer 
is  poorly  understood.  The  desmoplastic  stroma  consists  of  pro¬ 
liferating  fibroblasts  and  pancreatic  stellate  cells,  inflammatory 
cells,  nerve  fibers,  and  marrow-derived  stem  cells.  The  predomi¬ 
nant  mesenchymal  cell  within  the  stroma  is  the  stellate  cell,  which 
resembles  myofibroblasts  commonly  found  in  the  stroma  of  other 
types  of  cancer.  Stellate  cells  are  rarely  found  in  the  normal  pan¬ 
creas  but  are  prevalent  during  inflammation  and  in  malignant 
disease.  These  cells  when  quiescent,  express  the  intermediate  fila¬ 
ment  protein  desmin,  and  when  activated,  start  expressing  smooth 
muscle  actin,  produce  large  amounts  of  ECM  proteins  (mostly  col¬ 
lagen  I  and  III)  and  release  other  inflammatory  mediators,  including 
TGF-(3  [54].  Autocrine  production  of  PDGF,  TGF-(3,  cytokines  (IL-1, 
IL-6,  and  tumor  necrosis  factor-related  apoptosis-inducing  ligand) 
and  COX-2  potentiates  the  stromal  phenotype.  Despite  the  lack  of 
effective  in  vivo  systems  to  evaluate  the  role  of  the  stromal  reaction 
in  pancreatic  cancer,  some  clues  have  been  obtained  from  xenograft 
models.  Overexpression  of  TGF-J3  in  Panc-1  tumor  cells  induced  a 
dramatic  response  within  the  stroma  in  orthotopically  transplanted 
nude  mice,  similar  to  that  observed  in  human  prostatic  ductal  ade¬ 
nocarcinoma  [55], 

KRAS  proto-oncogene  mutations  are  present  in  more  than  90% 
of  human  pancreatic  tumors.  However,  attempts  to  model  in  KRAS 
mutations  in  mice  gave  mixed  results.  Endogenous  mutant  expres¬ 
sion  of  KRAS  (G12D)  alone  or  in  combination  with  deletion  of  the 
tumor  suppressor  allele  CDKN2/lnk-4a/Arf  can  induce  the  entire 
progression  of  pancreatic  cancer,  from  preinvasive  (PanIN-1  to 
PanIN-3)  to  invasive  and  metastatic  disease.  These  tumors  appear 
to  bear  a  strong  resemblance  to  human  pancreatic  cancer  with 
a  proliferative  stromal  component.  Finally,  one  of  the  most  com¬ 
pelling  studies  that  supports  a  critical  role  for  stroma  in  pancreatic 
cancer  is  the  finding  that  mice  with  Smad7  deletion  in  stromal 
cells  develop  PanlN  accompanied  with  increased  fibrosis  around 
the  ductal  regions  [56].  Based  on  these  observations  and  the  aggres¬ 
sive  behavior  of  this  type  of  cancer  more  exhaustive  research  is 
needed  to  develop  strategies  for  targeting  the  stroma  of  pancreatic 
cancer. 
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Fig.  2.  Immunofluorescence  analysis  of  fibroblast-specific  protein  1  (FSP1 )  and  the  mesenchymal  stem  marker  CD90.  Human  normal  prostate  fibroblast  (NPF)  and  carcinoma- 
associated  fibroblast  (CAF)  were  isolated,  double-labeled  with  antibodies  against  FSP1  and  CD90  and  visualized  using  fluorochrome-conjugated  (FITC  or  TRITC)  secondary 
antibodies.  NPF  show  homogeneous  expression  of  FSP1  and  low  expression  of  CD90.  However  CAF  presented  not  only  a  heterogeneous  expression  of  FSP1  and  CD90  but  also 
high  intensity  pattern  of  expression  for  CD90  positive  cells. 


4.  Heterogeneity  of  stromal  cells 

Fibroblasts  are  highly  heterogeneous  [57].  In  vivo  the  fibroblas¬ 
tic  populations  surrounding  tumors  have  been  shown  to  contain  a 
number  of  distinct  phenotypes  [58].  Clonal  modulation  of  fibrob¬ 
last  subsets  is  a  potential  mechanism  underlying  the  pathogenesis 
of  cancer  and  may  play  a  role  in  modulating  the  proliferation 
of  tumor  cells.  The  stroma  contains  fibroblasts  (normal  and  acti¬ 
vated),  inflammatory  cells,  immunocytes,  macrophages,  lymph  and 
endothelial  cells  and  nerves.  Fibroblasts  isolated  from  human  can¬ 
cer  patients  have  been  referred  as  simply  carcinoma-associated 
fibroblasts.  However,  CAF  remains  a  poorly  defined  group  of  cells 
commonly  identified  using  biological  assays.  CAF  have  classically 
been  defined  by  the  absence  of  epithelial  cell  marker  cytoker- 
atins,  and  the  expression  of  vimentin  and  aSMA.  However,  a 
recent  study  that  used  the  vimentin,  aSMA,  type  1  collagen,  FSP1 
(S100A4),  PDGFRP  and  NG2  markers  to  examine  fibroblasts  het¬ 
erogeneity  within  breast  and  pancreatic  carcinomas  indicated  that 
distinct  fibroblasts  subpopulations  could  be  identified  and  quanti¬ 
fied  within  each  tumor  microenvironment  [58].  Of  these  markers, 
co-expression  of  aSMA  and  FAP  were  characteristic  of  myofibrob¬ 
lasts.  FSP1  could  identify  fibroblasts,  and  in  combination  with  the 
other  markers  form  a  picture  of  what  constitutes  the  CAF  popu¬ 
lations.  It  still  remains  to  be  determined  whether  the  presence  of 
any  particular  population  or  combination  of  populations  within  the 
stroma  is  essential  for  tumor  progression.  Some  clues  have  come 
from  a  recent  work  in  which  mammary  carcinoma  cells  in  com¬ 
bination  with  FSP1+/+  mouse  embryonic  fibroblasts  were  able  to 
promote  progression  to  metastasis  in  FSP -/-  mice  [59].  Currently 
it  is  not  known  how  many  fibroblast  subpopulations  are  present 
within  the  tumor  stroma,  and  whether  the  presence  of  an  individ¬ 
ual  population  or  the  presence  of  all  of  these  cell  types  are  equally 
important  for  the  initial  steps  during  tumor  development. 

Another  potentially  controversial  area  of  CAF  research  is  focused 
on  the  origin  of  CAF.  While  local  fibroblasts  were  originally  con¬ 
sidered  to  be  the  most  likely  major  source  of  CAF,  recent  studies 
have  shown  that  there  are  other  additional  sources  depending  on 
the  type  of  cancer.  For  example  bone  marrow-derived  MSC  can 
contribute  up  to  25%  of  the  total  myofibroblast  population  in  the 
tumor  stroma  in  a  mouse  xenograft  model  of  pancreatic  carcinoma 
[60].  Once  recruited,  MSC  become  activated  and  start  secreting 
matrix  proteins  helping  cancer  cells  to  metastasize.  In  a  similar 
study,  MSC  had  the  ability  to  increase  the  metastatic  potential 
of  weakly  metastatic  breast  cancer  cells  by  upregulation  of  the 
chemokine  CCL5  [44].  It  has  been  shown  recently  that  fibroblasts 


isolated  from  human  prostate  cancer  samples  that  express  high  lev¬ 
els  of  the  MSC  marker  CD90  (CD90hl)  may  have  tumor-promoting 
potential  compared  to  a  subpopulation  of  low  CD90  expressors 
(CD9010)  [61]  (Fig.  2).  On  the  other  hand  MSC  have  been  shown 
to  inhibit  tumor  growth  in  a  model  of  Kaposi’s  sarcoma  [62].  Due 
to  their  ability  to  localize  in  tumor  sites,  genetically  modified  MSC 
carrying  the  human  interferonfi  gene  were  injected  in  tumor  bear¬ 
ing  mice.  These  cells  were  able  to  decrease  not  only  the  size  of 
the  primary  tumor,  but  also  the  number  of  metastasis  compared 
to  control  animals  [63].  A  better  understanding  of  the  interplay 
between  MSC  and  tumor  cells  in  relation  to  the  tumor  microen¬ 
vironment  will  be  important  in  developing  strategies  for  therapy. 
It  has  also  been  suggested  that  malignant  epithelial  cells  under¬ 
going  EMT  can  integrate  within  the  tumor  stroma  and  contribute 
to  the  CAF  population.  While  this  is  a  plausible  hypothesis  defini¬ 
tive  in  vivo  experiments  and  clinical  correlates  are  not  presently 
available.  Studies  on  genetic  alterations  in  tumor  stroma  described 
above  have  the  potential  to  shed  some  light  in  this  area. 

Recently,  studies  have  demonstrated  that  a  phenomena  called 
endothelial-to-mesenchymal  transition  occurs  in  areas  of  fibrosis 
and  can  account  for  up  to  40%  of  the  tumor-associated  fibroblasts 
[64].  The  molecular  mechanism  of  EnMT  in  tumors  has  not  yet 
been  specifically  studied,  but  it  has  been  suggested  to  be  medi¬ 
ated  by  TGF-(3  and  inhibited  by  BMP-7  [65].  EnMT  may  play  a 
role  in  the  genesis  of  vascular  networks  composed  of  “tip  cells” 
(vessels  without  a  lumen)  an  important  mechanism  for  stabiliz¬ 
ing  the  neovasculature.  Clearly,  more  research  is  warranted  in 
this  area  to:  (a)  identify  and  characterize  the  biological  relevant 
subpopulation(s),  (b)  identify  the  factors  responsible  for  the  acti¬ 
vation/maintenance/recruitment  of  CAF  and  (c)  investigate  how  to 
modulate  them  to  possibly  normalize  the  stroma  by  generation  of 
therapeutic  agents. 

5.  Summary  and  future  opportunities 

The  current  trend  in  cancer  research  is  the  inclusion  of  the 
microenvironment  as  a  major  contributor  of  cancer  progression. 
The  tumor-inducing  actions  of  CAF  start  during  the  conversion  of 
stressed  normal  epithelial  cells  to  cancer  cells  and  continue  through 
progression  to  metastasis. 

The  demonstrated  tumor-promoting  capacity  of  CAF  has 
increased  interest  in  exploiting  them  as  therapeutic  targets  for 
anticancer  therapy.  Inhibiting  the  secretion  of  tumor-promoting 
factors,  or  neutralization  of  these  factors  seems  to  be  the  first 
line  approach.  Several  molecular  candidates  have  been  proposed 
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in  this  article.  However  a  better  understanding  of  the  effects  of 
targeting  these  pathways  is  needed.  Another  potential  therapeutic 
approach  is  the  interference  with  the  recruitment  or  activation  of 
CAF.  Promising  results  in  experimental  models  have  been  obtained 
when  targeting  growth  factors  such  as  PDGF,  TGF-p,  chemokines 
like  CXCL12  and  inhibitors  to  the  Hedgehog  signaling.  Similar 
results  have  been  documented  in  immunotherapy  approaches 
when  using  FAP  antibodies  in  animal  models.  Together,  these  stud¬ 
ies  emphasize  the  importance  of  cross-talk  between  stromal  and 
malignant  cells  of  the  tumor.  It  is  likely  that  the  continued  charac¬ 
terization  of  these  interactions,  and  the  molecular  identification  of 
key  mediators,  will  provide  insights  into  tumor  biology  and  suggest 
further  novel  therapeutic  options. 
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